nails. Routine supplementary cancellous bone grafting is unnecessary during renailing surgery when adequate reaming and a larger nail are used.
INTRODUCTION
The technique of interlocking of bone and nails was developed to overcome the rotational and longitudinal malalignment of long bone fractures such as occurred in comminuted fractures, very proximal and distal fractures, long spiral fractures, and fractures with bone loss. Advantages of the technique over the conventional non-locking intramedullary nails include reduced rates of infection, nonunion, and malunion, in addition to shorter hospital stay and rehabilitation periods. 1 Although the interlocking technique extends the indications for intramedullary nailing, the design of an interlocking nail potentially concentrates high stress at both its proximal and distal ends. 2 The present study aimed to determine the possible factors responsible for nail failure.
MATERIALS AND METHODS
Between October 1996 and December 2002, 544 patients underwent surgery for long bone fractures using interlocking nails at the Kasturba Medical College, India. Fractures occurred in the femur in 286 (52.6%) cases, the tibia in 211 (38.8%), and the humerus in 47 (8.6%). All nails were inserted in fresh fractures following road accidents or falls from a height. The mean age of the patients at the time of primary nailing surgery was 33 years (range, 18-65 years). 497 cases were followed up for a minimum of one year (mean, 22 months).
Nail failure occurred in 13 repairs performed at our hospital: 7 (2.8%) of 286 femoral, 5 (2.3%) of 211 tibial, and one (2.1%) of 47 humeral fracture fixations. Nail failure occurred in 14 cases referred from other institutions (10 femoral and 4 tibial). Fracture pattern, level and site, nail size and type, weight bearing after nailing, and union status of these 27 (17 femoral, 9 tibial, and one humeral) nail failures were reviewed. All failed nails were cannulated nails and all patients were symptomatic.
Removal of the broken nail
The proximal portion of the nail was removed using an appropriate extraction device; removal of the nail was difficult in some of the cases referred from elsewhere because the corresponding nails were locally made and standard extraction devices (Grosse-Kempf nails, AO nails, or Sulzer Medica) did not fit. Long threaded rods used in an Ilizarov fixator frame were used with some success: the rod was jammed in and passed beyond the anteversion bend of a femoral nail and the Herzog bend of the tibial nail. Aided by the bend in the nail, the threads along the Ilizarov rod locked into the threads of the interlocking nail at some point. The nail was then extracted by hammering the rod back with a plier. If the broken portion of the nail was straight or if a straight Orthofix femoral nail was used, a pre-bent rod was used to establish a 3-point fixation.
If nonunion was present or if renailing was planned, the proximal portion of the medullary canal was reamed 2 mm beyond the diameter of the nail. A sharp guide rod was pushed through the distal fragment of the nail to clear the bone at the tip of the nail, taking care not to enter the joint. The extracted proximal portion of the nail was then sounded with the extraction device to determine an appropriate diameter that would fit the nail. This was then engaged into the distal fragment of the broken nail to facilitate removal.
RESULTS
Initial radiographs of 22 nail failures were retrieved (13 from our hospital and 9 from elsewhere; 8 femoral and 4 tibial fractures). All occurred in comminuted fractures and were classified as Winquist 3 type 3 or 4, suggestive of an unstable fracture pattern.
Of the 27 nail failures, 15 occurred in fractures at the distal third or junction of the middle and distal third of the bone, 10 at the mid-shaft level, and 2 at the proximal third or the junction of the proximal and middle third. The site and distribution of the nail failure are shown in the Figure. Two patients had open fractures and 10 had other associated injuries involving the head, chest, and the extremities (multiple fractures).
At the time of diagnosis of nail failure, 24 patients had nonunion at the fracture site and 2 had delayed union. The remaining patient had a 2-month-old humeral fracture and a broken nail due to a fall. The fracture was only 2 months old and therefore not a delayed union. Renailing resulted in an uneventful recovery in 25 of 27 patients. One patient broke the second tibial nail following a fall and fracture healing occurred after the third nailing. Another broke the Journal of Orthopaedic Surgery humeral nail and the fracture healed following dynamic compression plate fixation.
Femoral nail failure
The mean time from repair to diagnosis of nail failure was 11.2 months (range, 4.0-18.5 months). Of the 17 femoral nail failures, 10 broke at the distal third (9 at the middle hole-the more proximal hole of the 2 distal interlocking holes-and one at the distal hole), whereas 6 nails broke at the middle third and one at the proximal third of the femur. The mean diameter of the nails was 12 mm (range, 10-13 mm). Full weight bearing was allowed at a mean of 12.4 weeks (range, 6-22 weeks) after initial surgery.
Conversion to dynamic fixation was performed for 14 femoral nails (10 at the distal third and 4 at the middle third). Dynamisation was considered when no callus was seen at a mean period of 14.3 weeks (range, 6-26 weeks), followed by delayed full weight bearing. A dynamised nail serves as a load-sharing device that can withstand a heavier load and promotes healing. The proximity of the fracture site and locking screw holes, in addition to weight bearing, may result in fatigue failure of the nail after dynamisation. Therefore, for distal fractures, full weight bearing should be delayed, even after dynamisation, or allow more time for the fracture site to consolidate rather than attempting early dynamisation. All these patients had bony union after renailing.
Tibial nail failure
The mean time from repair to diagnosis of tibial nail failure was 10.1 months (range, 5-20 months). Of the 9 failures, 5 broke at the middle hole of the distal third, 3 broke at the middle third (2 at the middle hole and one at the fracture site), and one broke at the fracture site of the proximal third. Overall, 7 of the 9 tibial nails broke at the middle hole-the more proximal hole of the 2 distal interlocking holes. The nail size of the failures was 9 mm: in the 2 other cases the size was 10 mm.
Humeral nail failure
One patient sustained a fall 2 months following interlocking nailing surgery and broke the nail at the fracture site of the middle third.
DISCUSSION
The 2 distal holes are the most common site of nail failure because of stress concentration caused by the hole effect and slot effect. Breakage at the distal third occurred in 15 of 27 nails: 14 at the middle hole and one at the distal hole. Nicking the area by drilling around the distal holes during distal locking further weakens the strength of the nail holes and increases stress. In distal fractures, there is a greater bending load at the middle hole because it is closer to the fracture site than the distal hole and causes more nail failure. Bucholz et al. 2 recommended keeping a distance of at least 5 cm between the fracture site and the middle screw hole: location of the more proximal screw hole of the 2 distal screw holes less than 5 cm from the fracture site may lead to fatigue failure, as stress in the nail is greater than its fatigue endurance limit. In our series, the distance in patients with nail failure was well below the recommended distance, from 1.2 cm to 4.5 cm. Sufficient nail length, long enough to be driven down to the subchondral area to increase the 'fracture-locking hole' distance was thus a major factor in determining the success of these nails.
Nail failure can occur when weight bearing begins before the fracture regains 50% of its original stiffness, as the interlocking nail is a load-sharing device. Hence patients with more distal fractures should have protected weight bearing until clear radiographic evidence of early union is seen. This avoids loading the nail beyond its limit of endurance. 2 Although the mean time to commencement of full weight bearing in our cases was 12.4 weeks, some patients with distal fracture were permitted full weight bearing as early as 6 to 8 weeks.
A higher incidence of tibial nail failure occurred in this study than earlier series. 4, 5 Seven of our 9 patients with tibial nail failure had a 9-mm nail. Four had unstable fracture patterns and 5 had a distal fracture with nonunion. Smaller diameter nails of inadequate length may cause failure, because of significantly increased concentration of stress at the locking hole. The screw hole area of these small nails can occupy up to 50% of the diameter (normally 30%). 6 Distal and middle third fractures are prone to delayed bony union or nonunion due to reduced blood supply at this level. When bony union is delayed, cyclical loading stress on the nail beyond its limit of endurance may lead to fatigue failure. The unstable fracture patterns may incur additional stress on these locked nails.
In gait cycle analysis, the lever arm of the lower part of the body to the centre of gravity is shorter, because the tibia is nearer to the midline in walking. 7 Though this may decrease the bending load on the nail, it was offset by the smaller-size nails used in our patients with narrower medullary canals than those of western patients. It is suggested that both increasing nail thickness at the distal end and reducing the screw hole diameter can improve nail strength and prevent failure.
All patients were renailed without the additional use of bone grafts and eventually achieved bony union. The process of reaming to insert a larger nail may generate sufficient bone debris to act as a bone graft and hence avoid the need for a second surgical procedure. 4 Affordability is a major concern for patients, especially in developing countries. A large number of patients cannot afford an expensive foreign-made standard nail. Locally manufactured nails are available, but their biomechanical properties fall below international standards. Defects in fabrication and compositional aberrations in the metal means that nails may not withstand the cyclical loading stresses imposed by walking. In this study, 8 of 14 nail failures occurred in patients who were operated on elsewhere and locally made nails were used. Removal of these nails was a major problem because no proper extraction device was available.
CONCLUSION
Distal third fractures are more prone to nail failure. Increasing the 'fracture-locking hole' distance, delaying weight bearing, and using dynamisation with caution can nonetheless prevent nail failure. Smaller diameter nails with inadequate length should be avoided. Design modifications to increase the distal thickness of the nail and to reduce locking hole size may reduce failure.
Additional use of bone grafts is unnecessary during renailing when reaming is adequate. This avoids the need for a second surgery. Extraction devices for locally manufactured nails and meticulous documentation of the type and brand of the nail used by the surgeon can minimise operative trauma during removal of broken nails.
